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Progeny virions of mammalian reoviruses are assembled in the cytoplasm of infected cells at discrete sites
termed viral inclusions. Studies of temperature-sensitive (ts) mutant viruses indicate that nonstructural
protein sNS and core protein m2 are required for synthesis of double-stranded (ds) RNA, a process that occurs
at sites of viral assembly. We used confocal immunofluorescence microscopy and ts mutant reoviruses to define
the roles of sNS and m2 in viral inclusion formation. In cells infected with wild-type (wt) reovirus, sNS and
m2 colocalize to large, perinuclear structures that correspond to viral inclusions. In cells infected at a
nonpermissive temperature with sNS-mutant virus tsE320, sNS is distributed diffusely in the cytoplasm and
m2 is contained in small, punctate foci that do not resemble viral inclusions. In cells infected at a nonper-
missive temperature with m2-mutant virus tsH11.2, m2 is distributed diffusely in the cytoplasm and the nucleus.
However, sNS localizes to discrete structures in the cytoplasm that contain other viral proteins and are
morphologically indistinguishable from viral inclusions seen in cells infected with wt reovirus. Examination of
cells infected with wt reovirus over a time course demonstrates that sNS precedes m2 in localization to viral
inclusions. These findings suggest that viral RNA-protein complexes containing sNS nucleate sites of viral
replication to which other viral proteins, including m2, are recruited to commence dsRNA synthesis.

Mammalian reoviruses are nonenveloped, icosahedral vi-
ruses that contain a genome of 10 double-stranded (ds) RNA
gene segments. Reovirus virions consist of two concentric pro-
tein shells, outer capsid and core, which are assembled from
eight unique structural proteins. After penetration of the virus
into the cytoplasm and transcription and translation of viral
RNA (reviewed in reference 25), assembly of progeny reovirus
virions is thought to proceed along a pathway involving a series
of assembly intermediates. Particles that contain reovirus
mRNAs in association with viral proteins mNS, sNS, and s3
have been suggested to represent the first complexes in reovi-
rus assembly (3). Particles that are engaged in minus-strand
synthesis have been isolated from infected cells and probably
represent the next step in the assembly pathway (21). Assort-
ment of the 10 gene segments appears to occur concomitantly
with synthesis of dsRNA within nascent viral particles (3);
however, the mechanism ensuring that the 10 unique dsRNA
segments are packaged into each newly formed particle is not
known (reviewed in reference 18). Nascent dsRNA-containing
particles are competent for transcription of viral mRNA (22,
37, 48), and transcription within these particles accounts for
the majority of the mRNA in reovirus-infected cells (38, 43,
44). Reovirus assembly is completed by the addition of outer-
capsid proteins, resulting in formation of mature, double-
shelled virions (22).

A precise understanding of the steps in reovirus assembly

has not been achieved, and the exact location within the cel-
lular environment in which these processes take place is un-
known. It is generally thought that reovirus particle morpho-
genesis leading to formation of viral progeny occurs within
viral inclusions. However, it is possible that progeny virions are
assembled in the cytoplasm of infected cells and then are
collected to form inclusion structures. Viral inclusions have
been studied by a variety of microscopic techniques and first
appear by phase-contrast microscopy as dense granules scat-
tered throughout the cytoplasm. As infection progresses, these
granules coalesce and localize about the nucleus, eventually
forming perinuclear inclusions (11). Viral inclusions contain
several types of filaments (35), dsRNA (36), viral proteins (11),
and complete and incomplete viral particles (11). In contrast to
cytoplasmic sites of replication used by several other viruses,
reovirus inclusions are not associated with membranes or other
cellular organelles (14, 31).

Temperature-sensitive (ts) reovirus mutants have been used
to investigate the functions of individual viral proteins (re-
viewed in reference 6). In several cases, the ts phenotypes of
these mutants have been mapped to discrete gene segments by
analysis of reassortant viruses (23, 28–30) or definition of
complementation groups (1, 2, 9). Several of these mutants
exhibit blocks to viral replication prior to synthesis of dsRNA.
One such mutant, tsE320 (9), contains a genetic defect that was
previously mapped by reassortant analysis to the S3 gene seg-
ment (30), which encodes nonstructural protein sNS (20, 23).
The sNS protein has strong affinity for single-stranded RNA
(12, 13, 17, 32, 39), including reovirus mRNAs (13, 17, 32, 39).
During infection at a nonpermissive temperature, tsE320 syn-
thesizes less than 1% of the level of dsRNA relative to infec-
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tion at a permissive temperature (8, 10). The nucleotide se-
quence of the tsE320 S3 gene differs from the wild-type (wt)
type 3 Dearing (T3D) S3 sequence at a single nucleotide po-
sition, which results in a methionine-to-threonine substitution
at position 260 in the deduced amino acid sequence of sNS
(45). The block to dsRNA synthesis exhibited by tsE320 has
not been defined.

Another dsRNA-negative ts mutant, tsH11.2 (7), contains a
genetic defect that was mapped by reassortant analysis to the
M1 gene segment (4), which encodes virion structural protein
m2 (20, 24). The m2 protein is present in the viral core in
approximately 20 copies per virion (5). The m2-encoding M1
gene determines strain-specific differences in both the temper-
ature optimum and the kinetics of reovirus transcription in
vitro (46) and is one of two reovirus genes that modulates in
vitro nucleoside triphosphatase activity (26). In addition, the
M1 gene segregates with strain-specific differences in kinetics
of viral inclusion formation (19). During infection at a non-
permissive temperature, tsH11.2 produces approximately 0.1%
of the level of dsRNA relative to infection at a permissive
temperature (4). The nucleotide sequence of the tsH11.2 M1
gene has two changes compared to wt T3D, each resulting in a
change in the deduced amino acid sequence of m2: a methi-
onine-to-threonine change at amino acid 399 and a proline-to-
histidine change at amino acid 414 (4). As with tsE320, the
block to viral genome replication exhibited by tsH11.2 has not
been defined.

Experiments described in this report were designed to pro-
vide new information about the roles of sNS and m2 in for-
mation of viral inclusions. To facilitate these studies, we gen-
erated a new panel of sNS-specific monoclonal antibodies
(MAbs) and isolated new reassortant viruses from crosses of wt
reovirus strain type 1 Lang (T1L) and sNS-mutant strain
tsE320. Subcellular localization of reovirus proteins was exam-
ined at different times postinfection in cells infected with wt
reovirus, tsE320, and tsH11.2 at permissive and nonpermissive
temperatures. The findings demonstrate that viral RNA-pro-
tein complexes containing sNS nucleate sites of viral replica-
tion to which m2 and other viral proteins are recruited to
initiate dsRNA synthesis.

MATERIALS AND METHODS

Cells and viruses. Mouse L929 (L) cells were grown in either suspension or
monolayer cultures in Joklik’s modified Eagle’s minimal essential medium (Ir-
vine Scientific, Santa Ana, Calif.) that was supplemented to contain 5% fetal calf
serum (Intergen, Purchase, N.Y.), 2 mM L-glutamine, 100 U of penicillin G per
ml, 100 mg of streptomycin per ml, and 250 ng of amphotericin B per ml (Irvine
Scientific). Sp2/0-Ag14 myeloma cells (American Type Culture Collection, Ma-
nassas, Va.) and hybridoma cells were grown in Dulbecco’s modified Eagle
medium (DMEM; Gibco, Grand Island, N.Y.) supplemented to contain either

10% (DMEM-10) or 20% (DMEM-20) fetal calf serum, 20 mM HEPES (Gibco),
1 mM sodium pyruvate (Gibco), 0.1 mM nonessential amino acids (Gibco), 2
mM L-glutamine, and 100 U of penicillin, 100 mg of streptomycin, and 250 ng of
amphotericin per ml. Hybridoma cells were selected in DMEM-20 containing 0.1
mM hypoxanthine, 0.4 mM aminopterin, and 1 mM thymidine (HAT medium)
and subcloned in DMEM-20 supplemented to contain 5% hybridoma cloning
factor (Igen, Gaithersburg, Md.).

Reovirus wt strains T1L and T3D and mutant tsH11.2 are laboratory stocks.
Mutant tsE320 was grown from stocks originally obtained from B. N. Fields (9).
Second- or third-passage L-cell lysate stocks of twice-plaque-purified isolates of
each strain were used for subsequent studies. Virus titers were determined by
plaque assay on L-cell monolayers as previously described (16).

Isolation of reassortant viruses and identification of genes responsible for ts
phenotypes. Reassortant viruses were isolated from mixed infections of T1L and
tsE320 by a previously described technique with minor modifications (16). Cells
were incubated at 32°C for all steps in the isolation procedures. Subconfluent
L-cell monolayers were coinfected with each parental strain at a multiplicity of
infection (MOI) of 5 PFU per cell and incubated for 33 h. Cell lysates were
prepared by performing three cycles of freezing and thawing, and titers of virus
in cell lysates were determined by plaque assay. Isolated plaques were picked,
and putative reassortant viruses were amplified by two passages in L cells.
Genotypes of putative reassortants were determined as previously described
(16).

Cloning and sequencing of viral cDNA. Reovirus genomic dsRNA was purified
from second-passage L-cell lysate stocks by previously described techniques (15).
Oligodeoxynucleotide primers 59-AAGTCACGCCTGTCGTCGTC-39 and 59-A
CCACCAAGACACCGGCACA-39, which correspond to the 59 and 39 termini
of the S3 gene, respectively, were used to generate cDNA clones from genomic
dsRNA. Genomic dsRNA was incubated in 90% dimethyl sulfoxide at 50°C for
45 min, ice-cold primers were annealed to the melted template, and cDNAs were
generated using avian myeloblastosis virus reverse transcriptase (Roche Molec-
ular Biochemicals, Indianapolis, Ind.). PCR was performed with Taq DNA
polymerase (Perkin-Elmer, Branchburg, N.J.) for 34 cycles, using a program of
denaturation at 95°C for 2 min, annealing at 50°C for 2 min, and synthesis at 72°C
for 3 min. PCR was completed by a synthesis step at 72°C for 20 min. Resultant
cDNAs were cloned into the pCRII vector (Invitrogen, San Diego, Calif.).
Unambiguous sequences of 1,136 nucleotides of the S3 gene, including the entire
open reading frame (ORF) of sNS, were determined by dideoxy chain termina-
tion using T7 DNA polymerase (United States Biochemical, Cleveland, Ohio).
Independent tsE320 S3 cDNA clones generated from two reverse transcription
(RT)-PCR assays were used as templates in the sequencing experiments.

Expression and purification of recombinant sNS protein. A cDNA of the
T3D reovirus sNS ORF was generated by RT-PCR of purified reovirus dsRNA.
Primers corresponding to terminal sequences of the sNS ORF appended with
restriction enzyme cleavage sites were used for RT-PCR. Restriction sites engi-
neered into the S3 cDNA were used for directional cloning of the sNS ORF into
the pQE-30 expression vector (Qiagen, Valencia, Calif.) in frame and 59 to a
sequence encoding six histidine residues. The recombinant pQE-30 vector was
used to transform Escherichia coli M15(pREP4) (Qiagen). Expression of sNS-
His was induced with 0.3 mM isopropyl-b-D-thiogalactopyranoside (IPTG). Af-
ter 4 h of growth following induction, cells were centrifuged to form a pellet,
resuspended in lysis buffer containing 1% Triton X-100 (Roche), and lysed by
sonication. sNS-His was purified by metal chelate affinity chromatography, using
a nitrilotriacetate resin charged with Ni21 ions, and eluted with imidazole (Qia-
gen).

The cDNA of the T3D sNS ORF also was subcloned into the pMAL-c2 vector
to express sNS as a carboxy-terminal fusion protein with maltose-binding protein
(MBP) (New England Biolabs, Beverly, Mass.). The recombinant pMAL-c2
vector was used to transform E. coli DH5a, and these cells were induced to
express the fusion protein by the addition of 0.3 mM IPTG. After 4 h of growth

TABLE 1. Properties of sNS-specific MAbs

Antibody Isotype
Result obtained bya:

ELISA Immunoblotting Immunofluorescence Immunoprecipitation

1D8 IgM, k 1 ND ND ND
2A9 IgG1, k 1 2 1 1
2F5 IgG1, k 1 2 1 1
2H7 IgG2a, k 1 1 1 2
3E10 IgG1, k 1 1 1 1

a ND, not determined; 1, positive; 2, negative.
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following induction, cells were centrifuged to form a pellet, resuspended, and
frozen at 220°C in column buffer (20 mM Tris-HCl [pH 7.4], 200 mM NaCl, 1
mM EDTA). Cells were lysed by sonication, lysates were clarified by centrifu-
gation, and MBP-sNS was purified by affinity chromatography using an amylose
resin (New England Biolabs).

Generation of rabbit antiserum. Rabbit sNS-specific antiserum was produced
by inoculating a New Zealand White rabbit with approximately 100 mg of sNS-
His in incomplete Freund’s adjuvant, followed by 100-mg booster doses at 2, 3,
and 7 weeks postinoculation (Cocalico, Reamstown, Pa.). Antiserum was ob-
tained from the rabbit 4 weeks after the last boost and incubated at 56°C for 1 h

prior to use. Rabbit m2-specific antiserum was produced as previously described
(49).

Generation and characterization of sNS-specific MAbs. BALB/c mice were
inoculated intraperitoneally with 50 mg of sNS-His combined with Ribi adjuvant
(Ribi, Hamilton, Mont.). Booster inoculations were administered every 3 weeks,
and anti-sNS titers were monitored by indirect enzyme-linked immunosorbent
assay (ELISA) using MBP-sNS as an antigen (33). Once antibody titers were in
excess of 1:1,000 by ELISA, mice were boosted with antigen in the absence of
adjuvant, and spleens were harvested 3 days later. Spleen cells were mechanically
dissociated and, using polyethylene glycol 4000 (Merck, Gibbstown, N.J.), fused

FIG. 1. Subcellular localization of reovirus sNS and m1/m1C proteins in cells infected with reovirus strain T3D. L cells were infected with T3D
at an MOI of 10 PFU per cell and incubated at 37°C for 18 h. Cells were stained for sNS by using a sNS-specific polyclonal antiserum (B) and
for m1/m1C by using m1/m1C-specific MAb 8H6 (C) as primary antibodies followed by Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 546
goat anti-mouse IgG, respectively, as secondary antibodies. Images were obtained by using a confocal microscope. The sNS protein is colored
green, and the m1/m1C protein is colored red. (A) A DIC image of the field was obtained. (D) In the merged image, colocalization of sNS and
m1/m1C is indicated by the yellow color. Images were processed using Adobe Photoshop. Bars, 25 mm.
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with approximately 108 Sp2/0 myeloma cells. The products of each fusion were
distributed into four 96-well plates (Costar, Cambridge, Mass.) containing mu-
rine peritoneal macrophage feeder layers. Cultures were incubated in HAT
medium at 37°C for 10 to 14 days. When a majority of wells contained colonies
that were 10 to 20% confluent, the supernatant from each well was screened for
sNS antibodies by indirect ELISA using MBP-sNS as the antigen. Cells from
antibody-positive wells were subcloned twice by limiting dilution in 96-well
plates. Hybridoma cells secreting sNS antibodies (2 3 106) were injected into
BALB/c mice intraperitoneally, and ascites fluid was harvested 7 to 9 days later.

MAbs were purified on Econo-Pac protein A chromatography columns (Bio-
Rad, Hercules, Calif.) and isotyped with a capture ELISA hybridoma subtyping
kit (Roche).

Labeling of reovirus proteins with [35S]methionine and [35S]cysteine. L cells
(5 3 106) in 25-cm2 tissue culture flasks (Costar) were infected with reovirus
strains at an MOI of 10 PFU per cell. Infected cells were incubated in methio-
nine- and cysteine-free DMEM (Gibco) at either 32 or 39.5°C for 1 h before
addition of radiolabel. One hundred microcuries of Translabel ([35S]methionine
and [35S]cysteine) (NEN Life Science Products, Inc., Boston, Mass.) per ml in 3
ml of DMEM was added to each flask, and cells were incubated at either 32 or
39.5°C for 1 h. Cells were either harvested at the end of the labeling period or
incubated in radiolabel-free medium at 32 or 39.5°C for additional intervals.

Immunoprecipitation of reovirus proteins. Cells containing radiolabeled reo-
virus proteins were lysed by incubation in 300 ml of lysis buffer (1% NP-40, 1%
deoxycholate [DOC], 150 mM NaCl, 10 mM Tris [pH 7.4]) with 1% sodium
dodecyl sulfate (SDS) and Complete EDTA-free protease inhibitor cocktail
(Roche). Cell lysates were passed through a 25-gauge needle several times to
shear the DNA and decrease the viscosity. Lysates were diluted eightfold in
low-stringency immunoprecipitation buffer (1% NP-40, 1% DOC, 0.1% SDS,
150 mM NaCl, 10 mM Tris [pH 7.4]) and incubated in normal rabbit serum with
protein A-Sepharose CL-4B beads (Amersham Pharmacia Biotech Inc., Piscat-
away, N.J.) at 4°C for 1 h. Protein A-Sepharose beads were collected by centrif-
ugation at 250 3 g, and the supernatant fractions were incubated with 10 ml of
rabbit sNS-specific antiserum and protein A-Sepharose beads at 4°C overnight.
Beads were collected by centrifugation and washed six times with high-stringency
immunoprecipitation buffer (1% NP-40, 0.5% DOC, 0.1% SDS, 1 M NaCl, 10
mM Tris [pH 7.4]). Beads then were resuspended in 23 sample buffer (125 mM
Tris, 10% b-mercaptoethanol, 4% SDS, 0.02% bromophenol blue) and incu-
bated at 100°C for 5 min. Proteins were resolved by SDS-polyacrylamide gel
electrophoresis (PAGE). Dried gels were exposed to an imaging plate, and band
intensities were quantitated by determining photostimulus luminescence units
with a Fuji2000 phosphorimager (Fuji Medical Systems, Inc., Stamford, Conn.).
For each interval of incubation with radiolabel-free medium, the density of the
band corresponding to the sNS protein was determined. Background density
from lanes loaded with mock-infected cells was subtracted from the density of
bands corresponding to sNS. Band density at each time point was divided by that
at the 0-h time point and expressed as relative protein units.

FIG. 2. EOP values for wt T3D and tsE320. EOP values were
calculated by dividing the titer determined by plaque assay at each
temperature by the titer determined at 32°C. The results are presented
as the mean EOPs for at least six independent experiments. Error bars
indicate standard deviations of the means.

TABLE 2. Genotypes, EOPs, and sNS subcellular localization of T1L 3 tsE320 reassortant viruses

Virus strain
Parental origin of gene segmenta:

EOPb
Subcellular
localization

of sNScL1 L2 L3 M1 M2 M3 S1 S2 S3 S4

Parental viruses
T1L 1 1 1 1 1 1 1 1 1 1 0.50 Punctate
tsE320 E E E E E E E E E E 0.00017 Diffuse

Reasortant viruses
LE320.141 1 E 1 E E 1 E E E 1 0.000007 Diffuse
LE320.29 E E E E E E 1 E E 1 0.000015 Diffuse
LE320.162 E E E E E 1 E E E E 0.000045 Diffuse
LE320.106 E E E E E E 1 E E E 0.000082 Diffuse
LE320.152 E E E E E E E E E 1 0.00011 Diffuse
LE320.104 1 E E E E E E E E 1 0.00044 Diffuse
LE320.137 E 1 1 1 E 1 1 1 E 1 0.00049 Diffuse
LE320.129 1 E E E E E E E E E 0.0014 Diffuse
LE320.121 1 E 1 1 E 1 E 1 E E 0.0016 Diffuse
LE320.114 1 E 1 E E E E 1 E 1 0.0033 Diffuse
LE320.112 1 1 1 E 1 E E E E 1 0.0072 Diffuse
LE320.66 1 1 1 1 1 E 1 1 1 1 0.056 Punctate
LE320.113 1 E 1 1 E 1 1 E 1 1 0.075 Punctate
LE320.32 1 1 1 1 E 1 1 1 1 1 0.083 Punctate
LE320.144 1 E 1 E E E E E 1 E 0.085 Punctate
LE320.164 E 1 E E E E 1 E 1 1 0.16 Punctate
LE320.97 1 1 1 1 1 E E E 1 1 0.32 Punctate
LE320.158 E E E E E E E E 1 E 0.33 Punctate
LE320.92 1 E 1 E 1 E 1 E 1 1 0.36 Punctate

a 1, T1L; E, tsE320.
b EOP is expressed as the titer at 39.5°C divided by the titer at 32°C. Reassortants were ranked from highest to lowest according to EOP to facilitate grouping.
c At a nonpermissive temperature of 39.5°C.
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Immunofluorescence staining of reovirus-infected L cells. L cells (5 3 104 to
1 3 105) were grown on 12-mm-diameter glass coverslips (VWR Scientific
Products, Atlanta, Ga.) for 24 to 48 h prior to infection with reovirus strains at
an MOI of 10 PFU per cell. After adsorption at 4°C for 1 h, cells were incubated
at 32, 37, or 39.5°C for various intervals, washed two times with phosphate-
buffered saline (PBS), and fixed for 2 min in a 1:1 (vol/vol) mixture of methanol
and acetone. Cells were kept in methanol at 220°C until stained. Cells were then
washed two times in PBS and incubated for 15 min in PBS containing 5%
g-globulin-free bovine serum albumin (BSA; Sigma, St. Louis, Mo.). Nonspecific
binding of antibody to cells was blocked by incubation for 10 min in PBS
containing 1% BSA, 1% Triton X-100 (Bio-Rad), and 2% normal goat serum
(Vector Laboratories, Inc., Burlingame, Calif.). Cells were incubated for 1 to
1.5 h with primary antibody at a concentration of 10 mg per ml (MAb 8H6 or
2H7) or a dilution of 1:500 (polyclonal T3D-, sNS-, or m2-specific antiserum)
and then washed two times. For double-staining experiments, the antibody cho-
sen to detect sNS was determined by the nature of the antibody available to
detect the other protein being examined. All washes and dilutions were done in
PBS–BSA (1%)–Triton X-100 (1%)–normal goat serum (2%). Cells were then
incubated with Alexa Fluor 488 or Alexa Fluor 546 goat anti-mouse immuno-
globulin G (IgG) and Alexa Fluor 546 or Alexa Fluor 488 goat anti-rabbit IgG
(Molecular Probes, Inc., Eugene, Oreg.) at a dilution of 1:1,000 for 1 to 1.5 h.
Cells were washed two times for 15 min each time with PBS containing BSA
(1%) and Triton X-100 (1%) and then two times for 10 min with PBS. Coverslips
were washed with deionized water and then mounted on glass slides by using
Aqua Poly/Mount (Polysciences, Inc., Warrington, Pa.) or ProLong Antifade
(Molecular Probes). Cells were visualized using a Zeiss confocal fluorescence
microscope (Carl Zeiss, New York, N.Y.). A differential interference contrast
(DIC) image of each field of view was obtained to determine the location of cells.
Coverslips containing mock-infected cells were included in every experiment and
were processed along with infected cells. These cells were examined first and
used to set the background on the confocal microscope to zero before obtaining
images of infected cells. Images were processed and colored using Adobe Pho-
toshop (Adobe Systems, Inc., San Jose, Calif.).

For direct immunofluorescence, IgG was isolated from polyclonal sNS- or
m2-specific antiserum using a protein A-Sepharose affinity column (Pierce, Rock-
ford, Ill.). Eluted IgG was dialyzed exhaustively against PBS. The protein con-
centration of the IgG preparation was determined with the Bio-Rad protein
assay. IgG was directly conjugated to either Alexa Fluor 488 or Alexa Fluor 546,
using an Alexa Fluor 488 or Alexa Fluor 546 protein labeling kit (Molecular
Probes). Cells were infected, fixed, hydrated, and blocked as described previ-
ously. Cells were incubated with a 1:250 dilution of the directly conjugated IgG
for 1 to 1.5 h, washed and mounted as described previously, and then examined
by confocal microscopy. Mock-infected cells were processed as described above
and examined first to set the background fluorescence to zero before examina-
tion of infected cells. DIC images of each field of view were obtained. Images
were processed and colored using Adobe Photoshop.

Electron microscopy. Thin-section electron microscopy of infected cells was
performed as previously described (16) with minor modifications. L cells in
suspension culture (2 3 107 per ml) were infected with reovirus strains at an
MOI of 5 PFU per cell. After adsorption at 4°C for 1 h, cells were diluted to a
density of 5 3 105 per ml in prewarmed, complete medium and incubated in
suspension culture at either 32 or 39.5°C. Cells were prepared for thin-section
electron microscopy by addition of freshly purified 50% aqueous glutaraldehyde
(Electron Microscopy Sciences, Fort Washington, Pa.) directly to each sample
(final concentration, 2%) and stored at 4°C. Fixed cells were washed three times
in SC-Mg buffer (100 mM sodium cacodylate, 10 mM magnesium chloride),
incubated for either 1 h in 1% osmium tetroxide in SC-Mg buffer or overnight in
2% uranyl acetate in SC-Mg buffer, washed two times in fresh SC-Mg buffer, and
resuspended in an equal volume of 3% low-melting-point agarose. The agarose-
cell molds were diced, dehydrated through a graded series of acetone immer-
sions, and embedded in DER 332-732 (hard plastic composition) (Electron
microscopy sciences). Ultrathin sections were prepared with a diamond knife
(Microstar, Huntsville, Tex.) and an LKB Ultratome III ultramicrotome,
mounted on 300-mesh copper hexagonal grids, and stained with 0.125% aqueous
lead citrate in 0.1 M sodium hydroxide (41) followed by saturated ethanolic
uranyl acetate (40). Sections were viewed at magnifications ranging from 4,5003

FIG. 3. Stability of reovirus sNS protein in cells infected with T3D
or tsE320 at a nonpermissive temperature. L cells were either mock
infected or infected with either T3D or tsE320 at an MOI of 10 PFU
per cell and incubated at 39.5°C. At 6 h postinfection, cells were
pulse-labeled with [35S]methionine-[35S]cysteine for 1 h and then in-
cubated in the absence of radiolabeled methionine-cysteine for the
time periods shown. The sNS protein was immunoprecipitated from
cell lysates by using polyclonal sNS-specific antiserum, resolved by
SDS-PAGE, visualized by autoradiography, and quantitated by phos-
phorimager analysis. (A) Representative autoradiogram. (B) Band

densities corresponding to sNS protein, quantitated with a phospho-
rimager and normalized to the 0-h time point. The results are pre-
sented as the mean relative protein units for three independent exper-
iments. Error bars indicate standard deviations of the means.
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to 100,0003 in a Phillips model 201 electron microscope at an acceleration
voltage of 60 keV. Specimen images were recorded on Kodak Direct Positive film
5302, and electron micrographs were printed on Kodak Polycontrast III paper.

Nucleotide sequence accession number. The nucleotide sequence of the sNS
ORF of the laboratory clone of tsE320 was submitted to GenBank and assigned
accession no. AF076293.

RESULTS

The reovirus sNS protein localizes to sites of viral assem-
bly. To determine the subcellular localization of nonstructural
protein sNS, we used confocal immunofluorescence micros-
copy to examine mouse L cells infected with wt reovirus strain
T3D. To facilitate these experiments, we cloned and expressed
the reovirus sNS protein with either a carboxy-terminal six-
histidine tag or an amino-terminal MBP tag. The expressed
proteins were used to generate a sNS-specific polyclonal an-
tiserum and a new panel of sNS-specific MAbs (Table 1). L
cells were infected with T3D, stained with sNS-specific anti-
serum, and examined by confocal fluorescence microscopy
(Fig. 1). The sNS protein localized to discrete, punctate sites,
usually in a perinuclear location. The patterns of sNS local-
ization when using either polyclonal antiserum or MAbs were
identical (data not shown). To determine whether sNS local-
izes to sites of viral assembly, T3D-infected cells were stained
with a sNS-specific polyclonal antiserum (Fig. 1B) and m1/
m1C-specific MAb 8H6 (42) (Fig. 1C). Reovirus m1/m1C pro-
tein is an outer-capsid protein added to virions after cores are
assembled (22, 50). Detection of m1/m1C by immunofluores-
cence staining has been used previously to indicate the pres-
ence of viral inclusions (34). The sNS protein and the m1/m1C
protein colocalized to distinct perinuclear sites in infected cells
(Fig. 1D), indicating that sNS localizes to sites of viral assem-
bly.

Characterization of tsE320. To determine the role of sNS in
formation of inclusions in reovirus-infected cells, we examined
cells infected with mutant virus tsE320. The tsE320 clone used
in this study exhibited temperature sensitivity at all tempera-
tures tested above 39°C (Fig. 2). Therefore, in subsequent
experiments, a nonpermissive temperature of 39.5°C was used.
The ts defect in tsE320 had been mapped previously to the S3
gene by reassortant analysis (30). To confirm that the ts phe-
notype of our clone segregates with the S3 gene, we isolated
new T1L 3 tsE320 reassortant viruses and determined effi-
ciency of plating (EOP) values at 39.5°C for the parental and
reassortant viruses (Table 2). Reassortant viruses containing
an S3 gene from tsE320 had EOP values of less than 0.01,
whereas those with an S3 gene from T1L had EOP values of
greater than 0.05. No other gene segments were found to
segregate with the differences in EOP values exhibited by the
T1L 3 tsE320 reassortant viruses. These results confirm that a
ts defect in S3 gene product sNS is responsible for impaired
growth of tsE320 at a nonpermissive temperature.

To test whether the mutation in tsE320 sNS alters the sta-

bility of the protein, pulse-chase experiments were performed.
L cells were infected at 39.5°C with either T3D or tsE320 and,
at 6 h postinfection, incubated with medium containing
[35S]methionine-[35S]cysteine for 1 h. After the labeling pe-
riod, cells were incubated in the absence of radiolabel for
various intervals, and sNS protein was immunoprecipitated
with polyclonal sNS-specific antiserum and resolved by SDS-
PAGE (Fig. 3A). The intensities of bands corresponding to the
T3D and tsE320 sNS proteins were quantitated by phospho-
rimager analysis and normalized to the 0-h time point (Fig.
3B). The relative band intensities of the T3D and tsE320 sNS
proteins were found to be equivalent over a 12-h time course,
indicating that these proteins do not differ in stability at a
nonpermissive temperature. Therefore, the temperature-de-
pendent phenotypes attributable to tsE320 sNS are not likely
to result from premature protein degradation.

The nucleotide sequence of the sNS ORF of the laboratory
clone of tsE320 was determined. U-to-C nucleotide substitu-
tions were found at positions 806 and 1057. The first results in
a methionine-to-threonine substitution at amino acid 260 and
has been previously reported (45); the second is a silent mu-
tation. These results show that the tsE320 laboratory clone
contains the mutation previously identified in the S3 gene.

The sNS protein is required for viral inclusion formation.
To determine whether sNS is required for formation of reo-
virus assembly complexes, we examined the subcellular local-
ization of sNS in cells infected with either wt T3D or tsE320.
Infected cells were fixed 24 h after adsorption, stained with
sNS-specific MAb 2H7 and polyclonal T3D-specific anti-
serum, and imaged by confocal fluorescence microscopy. In
cells infected with wt T3D, the sNS protein localized to punc-
tate, perinuclear structures (Fig. 4B). Reovirus proteins were
distributed throughout the cytoplasm and also concentrated in
discrete perinuclear foci (Fig. 4C). When these images were
merged, sNS colocalized with other reovirus proteins, con-
firming that sNS localizes to areas of progeny virion assembly
in viral inclusions (Fig. 4D). Identical staining patterns were
observed for T3D-infected cells incubated at 32, 37, or 39.5°C
and for tsE320-infected cells incubated at 32 or 37°C, the only
difference being an increase in the rate of inclusion formation
at higher temperatures (data not shown). However, in cells
infected with tsE320 at 39.5°C, sNS was distributed throughout
the cytoplasm and exhibited a granular staining pattern not
seen in cells infected with wt reovirus (Fig. 4F). Reovirus
proteins were distributed diffusely in the cytoplasm of cells
infected with tsE320 at 39.5°C, and inclusion structures were
not observed (Fig. 4G). When cells were incubated for periods
up to 96 h at a nonpermissive temperature, approximately 50%
of the tsE320-infected cells contained demonstrable sNS; how-
ever, staining was diffuse and granular (data not shown). When
images of sNS and other reovirus proteins were merged, only

FIG. 4. Subcellular localization of sNS and reovirus proteins in cells infected with wt T3D or mutant tsE320 at a nonpermissive temperature.
L cells were infected with either T3D (A to D) or tsE320 (E to H) at an MOI of 10 PFU per cell and incubated at 37°C (T3D) or 39.5°C (tsE320)
for 24 h. Cells were stained for sNS by using sNS-specific MAb 2H7 (B and F) and for reovirus proteins by using a polyclonal antiserum raised
against T3D (C and G) as primary antibodies followed by Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 546 goat anti-rabbit IgG,
respectively, as secondary antibodies. Images were obtained by using a confocal microscope. The sNS protein is colored green, and the reovirus
proteins are colored red. (A and E) A DIC image of each field was obtained. (D and H) In the merged images, colocalization of sNS and reovirus
proteins is indicated by the yellow color. Images were processed using Adobe Photoshop. Bars, 25 mm.
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FIG. 5. Ultrastructural analysis of cells infected with tsE320 at permissive and nonpermissive temperatures. L cells were infected with tsE320
at an MOI of 5 PFU per cell and incubated at either 32°C (A, C, and E) or 39.5°C (B and D). Cells were harvested at 12 (A) or 36 (C and E)
h postinfection for cultures incubated at 32°C and at 8 (B) or 24 (D) h postinfection for cultures incubated at 39.5°C. Cells were fixed with
glutaraldehyde, embedded, sectioned, stained, and examined with a Phillips 201 electron microscope. (E) A higher magnification of the area
demarcated by an arrow in panel C. (F) Mock-infected L cells incubated at 39.5°C for 24 h and processed according to the protocol used for
infected cells. Bars, 1 mm (A to D and F) and 200 nm (E).
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a small amount of yellow color was seen, indicating minimal
colocalization of sNS with other reovirus proteins (Fig. 4H).
These results suggest that sNS localizes to viral inclusions and
that functional sNS is required for the formation of these
structures.

To confirm these findings, we used electron microscopy to
visualize intracellular sites of viral assembly. Suspension cul-
tures of L cells were infected with either T3D or tsE320 and

examined by thin-section electron microscopy (Fig. 5). At a
permissive temperature, cells infected with either T3D or
tsE320 demonstrated formation of viral inclusions with similar
kinetics. The first small inclusions in cells infected with either
strain were detectable 18 h postinfection (Figs. 5A and C and
data not shown). By 36 h postinfection, these foci of viral
infection had developed into well-defined cytoplasmic inclu-
sions that displaced the nucleus eccentrically (Fig. 5C). By 72 h

FIG. 6. Subcellular localization of reovirus sNS and m2 proteins in cells infected with reovirus strain T3D. L cells were infected with T3D at
an MOI of 10 PFU per cell and incubated at 37°C for 18 h. Cells were stained for sNS by using sNS-specific MAb 2H7 (B) and for m2 by using
a m2-specific polyclonal antiserum (C) as primary antibodies followed by Alexa Fluor 546 goat anti-mouse IgG and Alexa Fluor 488 goat anti-rabbit
IgG, respectively, as secondary antibodies. Images were obtained by using a confocal microscope. The sNS protein is colored green, and the m2
protein is colored red. (A) A DIC image of the field was obtained. (D) In the merged image, colocalization of sNS and m2 is indicated by the yellow
color. The arrow indicates a viral inclusion in which three different zones of viral proteins are evident: a red (m2) center, a yellow (sNS and m2)
intermediate zone, and a narrow peripheral zone of green (sNS). Images were processed using Adobe Photoshop. Bars, 25 mm.
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postinfection, every cell examined demonstrated evidence of
viral infection (data not shown). Later in the course of infec-
tion, paracrystalline arrays of assembling virions associated
with cytoskeletal elements were apparent (Fig. 5E). Cells in-
fected with tsE320 at a nonpermissive temperature remained
morphologically unchanged for the duration of observation
and did not demonstrate evidence of viral infection at any time
point examined (Figs. 5B and D), up to and including 72 h
postinfection (data not shown).

To rigorously determine the requirement of sNS for forma-
tion of viral inclusions, we examined the capacity of T1L 3
tsE320 reassortant viruses to form inclusions at a nonpermis-
sive temperature. L cells were infected with T1L, tsE320, or
one of 19 T1L 3 tsE320 reassortant viruses and incubated at
either 31 or 39.5°C for 24 h, stained with sNS-specific MAb
2H7, and examined by fluorescence microscopy (Table 2). At
31°C, each parental and reassortant virus produced perinuclear
inclusions that contained sNS (data not shown). However, at
39.5°C, only virus strains containing a T1L S3 gene showed
sNS-positive perinuclear inclusions; those containing a tsE320
S3 gene exhibited diffuse cytoplasmic staining for sNS. There-
fore, the capacity to form viral inclusions in reovirus-infected
cells segregates with the sNS-encoding S3 gene, indicating that
functional sNS is required for viral inclusion formation.

Reovirus sNS but not m2 is required for formation of in-
clusion-like structures. In a previous study, we found that
strain-specific differences in the rate of viral inclusion forma-
tion segregate with the m2-encoding M1 gene, with a secondary
contribution attributed to the sNS-encoding S3 gene (19). To
determine the requirement of m2 for the formation of viral
inclusions and the relationship of sNS and m2 in this process,
we examined the subcellular localization of sNS and m2 during
the course of reovirus infection. L cells were infected with wt
T3D, stained with sNS-specific MAb 2H7 and polyclonal m2-
specific antiserum (19), and imaged by confocal fluorescence
microscopy (Fig. 6). The sNS protein was found in discrete,
perinuclear structures within the cytoplasm (Fig. 6B), as ob-
served previously (Fig. 1B and 4B). The m2 protein was dis-
tributed diffusely in both the cytoplasm and the nucleus (19)
and also was concentrated in discrete, perinuclear structures
(Fig. 6C). When these images were merged, the sNS protein
colocalized with foci of concentrated m2 protein (Fig. 6D),
indicating that both proteins were present at the same perinu-
clear sites, which correspond to viral inclusions. In larger in-
clusions, zones of green (sNS), yellow (sNS and m2), and red
(m2) were seen progressively from the periphery to the center
of the inclusion structure (Fig. 6D). This pattern of protein
staining was similar to that seen when T3D-infected cells were
examined for the subcellular localization of sNS and m1/m1C
(Fig. 1). In immunoelectron microscopy experiments using
gold-conjugated polyclonal sNS-specific antiserum, most of

the gold beads were present near the periphery of the inclu-
sions (data not shown), which is consistent with the findings
obtained by confocal immunofluorescence microscopy. These
observations suggest that sNS exists at the periphery of mature
inclusions whereas m2 has a more central location in these
structures.

We next examined the subcellular localization of sNS and
m2 in cells infected with either tsE320 or tsH11.2 at a nonper-
missive temperature. Infected cells were stained with sNS-
specific MAb 2H7 and polyclonal m2-specific antiserum and
imaged by confocal fluorescence microscopy. In cells infected
with tsE320, sNS exhibited a diffuse, granular staining pattern
within the cytoplasm (Fig. 7B), as observed previously (Fig.
4F), whereas m2 formed small, punctate structures within the
cytoplasm (Fig. 7C). The two proteins were not observed to
colocalize, as indicated by the absence of yellow color in the
merged image (Fig. 7D). In cells infected with tsH11.2, m2 was
distributed diffusely in both the cytoplasm and the nucleus and
did not form inclusion-like structures (Fig. 7G). In sharp con-
trast, sNS was found in discrete, punctate structures and dem-
onstrated a staining pattern indistinguishable from that seen in
cells infected with wt reovirus (Fig. 7F). However, when these
images were merged, sNS and m2 did not colocalize, again
indicated by the absence of yellow color (Fig. 7H). To deter-
mine whether the sNS- or m2-containing complexes included
other reovirus proteins, the subcellular localization of m1/m1C
in combination with either m2 or sNS was examined in cells
infected with either tsE320 or tsH11.2. In cells infected with
tsE320, m2 was observed in small, punctate structures within
the cytoplasm (Fig. 8B). No m1/m1C was detected in tsE320-
infected cells (Fig. 8C), even when cells were examined at 36 or
48 h postinfection (data not shown). In cells infected with
tsH11.2, sNS was found in discrete, punctate structures within
the cytoplasm (Fig. 8F) and m1/m1C exhibited a similar stain-
ing pattern (Fig. 8G). When these images were merged, sNS
and m1/m1C colocalized, as indicated by the yellow color (Fig.
8H). Therefore, the m2-containing structures seen in tsE320-
infected cells do not resemble viral inclusions in terms of size,
location, or protein composition, while the sNS-containing
structures seen in tsH11.2-infected cells resemble viral inclu-
sions observed in cells infected with wt reovirus. These results
suggest that the block to viral replication exhibited by tsE320
occurs at a point in the replication cycle prior to that exhibited
by tsH11.2.

The sNS protein precedes the m2 protein in localization to
viral inclusions. Results gathered thus far are consistent with
the hypothesis that sNS is required for nucleation of sites of
viral replication to which other viral proteins, including m2, are
recruited. To determine whether sNS localizes to discrete
structures in reovirus-infected cells prior to localization of m2
to these structures, we examined cells infected with wt reovirus

FIG. 7. Subcellular localization of reovirus sNS and m2 proteins in cells infected with mutant strains tsE320 and tsH11.2. L cells were infected
with either tsE320 (A to D) or tsH11.2 (E to H) at an MOI of 10 PFU per cell and incubated at 39.5°C for either 12 (tsH11.2) or 24 (tsE320) h.
Cells were stained for sNS by using sNS-specific MAb 2H7 (B and F) and for m2 by using a m2-specific polyclonal antiserum (C and G) as primary
antibodies followed by Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 546 goat anti-rabbit IgG, respectively, as secondary antibodies.
Images were obtained by using a confocal microscope. The sNS protein is colored green, and the m2 protein is colored red. (A and E) A DIC image
of each field was obtained. (D and H) In the merged images, lack of colocalization of sNS and m2 is indicated by the lack of yellow color. Images
were processed using Adobe Photoshop. Bars, 25 mm.
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over a time course of infection. To minimize potential differ-
ences in avidity of MAbs and polyclonal antiserum, we purified
IgG from polyclonal sNS- and m2-specific antisera and directly
conjugated each to different fluorophores. L cells were infected
with wt T3D, fixed at 2-h intervals, stained with the conjugated
sNS- and m2-specific antisera, and imaged by confocal micros-
copy (Fig. 9). The sNS protein was first detected at 8 h postin-
fection and was distributed diffusely in the cytoplasm. By 10 h
postinfection, sNS was observed in small, punctate structures
throughout the cytoplasm and m2 was distributed diffusely. By
14 h postinfection, m2 was observed to colocalize with a subset
of the sNS-containing structures. Between 14 and 18 h, struc-
tures containing both sNS and m2 increased in size and grew to
resemble mature viral inclusions. At later time points of infec-
tion, larger inclusions were observed, with sNS concentrating
at the periphery and m2 concentrating in the center. These
results indicate that sNS forms protein complexes prior to m2
and support the hypothesis that sNS-containing complexes
nucleate formation of viral inclusions.

DISCUSSION

Reovirus sNS-mutant tsE320 has been reported to have a
defect in synthesis of viral dsRNA (8, 9). We hypothesized that
the defect exhibited by tsE320 affects either assembly of pro-
tein-RNA complexes prior to dsRNA synthesis or the capacity
of the viral polymerase to complete dsRNA synthesis following
protein complex formation. Our results indicate that functional
sNS is required for the formation of viral assembly complexes
and suggest that sNS recruits other proteins to intracellular
sites of viral assembly.

In reovirus-infected cells, the sNS protein localizes primar-
ily to discrete perinuclear sites within the cytoplasm. Other
reovirus proteins are also found in these structures, indicating
that the sNS-containing protein complexes correspond to viral
inclusions observed by electron microscopy (11). In contrast to
cells infected with wt reovirus, viral inclusions are not detect-
able in cells infected with tsE320 at a nonpermissive tempera-
ture. This finding suggests that sNS is required for viral inclu-
sion formation, a conclusion strengthened by analysis of T1L 3
tsE320 reassortant viruses. Cells infected with reassortant vi-
ruses containing a wt T1L S3 gene formed sNS-positive inclu-
sions, whereas cells infected with reassortant viruses containing
a tsE320 S3 gene exhibited a diffuse staining pattern for sNS.
These data provide strong evidence that reovirus inclusion
formation requires functional sNS.

Viral inclusion formation in tsE320-infected cells at a non-
permissive temperature was markedly diminished but not com-
pletely abolished. Less than 5% of cells infected with tsE320 at

39.5°C contained viral inclusions (data not shown), which is
consistent with an EOP for tsE320 at 39.5°C of 1.4 3 1022. The
restriction to formation of viral inclusions in cells infected with
tsE320 was not simply due to a temperature-dependent insta-
bility of sNS. By pulse-chase analysis, the stabilities of T3D
and tsE320 sNS proteins at a nonpermissive temperature were
equivalent over a 12-h period of observation. In addition, when
cells infected with tsE320 were incubated at a nonpermissive
temperature for intervals of up to 96 h prior to examination,
the diffuse staining pattern for sNS was maintained (data not
shown). These results demonstrate that the mutation in tsE320
sNS alters its capacity to form assembly complexes rather than
its stability.

In addition to sNS, viral core protein m2 also plays a role in
formation of viral inclusions (19). The rates of viral inclusion
formation of reovirus strains T1L and T3D differ; the median
times of inclusion formation are 39 h in cells infected with T1L
and 18 h in cells infected with T3D. Using T1L 3 T3D reas-
sortant viruses, the m2-encoding M1 gene was found to segre-
gate with this strain-specific difference in kinetics of viral in-
clusion formation (19). Interestingly, in reassortant viruses
containing a T3D M1 gene, the sNS-encoding S3 gene also
was found to segregate with differences in kinetics of inclusion
formation. Reovirus mutant tsH11.2 contains a lesion in the
m2-encoding M1 gene (4) and, like tsE320, does not complete
dsRNA synthesis at a nonpermissive temperature (4). Cells
infected with tsH11.2 at a nonpermissive temperature formed
structures that contain sNS and outer-capsid protein m1/m1C
and morphologically resemble viral inclusions seen in cells
infected with wt reovirus. The m2 protein appeared to be ex-
cluded from these inclusion-like structures, which suggests that
functional m2 is not required for viral assembly complex for-
mation. The inclusion-like structures present in tsH11.2-in-
fected cells at a nonpermissive temperature do not form virions
(4) and thus are clearly not mature viral inclusions. It is pos-
sible that the structures observed in tsH11.2-infected cells are
early assembly complexes nucleated by sNS that fail to mature
into viral inclusions due to the lack of dsRNA synthesis result-
ing from the absence of functional m2. This hypothesis is con-
sistent with a proposed role for m2 in viral polymerase activity
(26, 46).

A qualitative difference in the amounts of protein produced
in cells infected with T3D or tsE320 at a nonpermissive tem-
perature was noted in this study. These viruses produced ap-
proximately equivalent amounts of protein early in infection,
as detected by pulse-chase analysis of sNS (Fig. 3) and immu-
noprecipitation of other reovirus proteins (data not shown).
However, at late time points of infection, there appeared to be
much more viral protein in cells infected with either T3D or

FIG. 8. Subcellular localization of reovirus proteins in cells infected with mutant strains tsE320 and tsH11.2. L cells were infected with either
tsE320 (A to D) or tsH11.2 (E to H) at an MOI of 10 PFU per cell and incubated at 39.5°C for either 18 (tsH11.2) or 24 (tsE320) h. Cells infected
with tsE320 were stained for m2 by using a m2-specific polyclonal antiserum (B) and for m1/m1C by using m1/m1C-specific MAb 8H6 (C) as primary
antibodies followed by Alexa Fluor 546 goat anti-rabbit IgG and Alexa Fluor 488 goat anti-mouse IgG, respectively, as secondary antibodies. Cells
infected with tsH11.2 were stained for sNS by using a sNS-specific polyclonal antiserum (F) and for m1/m1C by using m1/m1C-specific MAb 8H6
(G) as primary antibodies followed by Alexa Fluor 546 goat anti-rabbit IgG and Alexa Fluor 488 goat anti-mouse IgG, respectively, as secondary
antibodies. Images were obtained by using a confocal microscope. In images of cells infected with tsE320, the m2 protein is colored red and the
m1/m1C protein is colored green. In images of cells infected with tsH11.2, the sNS protein is colored green and the m1/m1C protein is colored red.
(A and E) A DIC image of each field was obtained. (D and H) In the merged images, colocalization of the proteins is indicated by the yellow color.
Images were processed using Adobe Photoshop. Bars, 25 mm.
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FIG. 9. Subcellular localization of sNS and m2 proteins in cells infected with T3D, determined at different times postinfection. L cells were
infected with T3D at an MOI of 10 PFU per cell and incubated at 37°C for the time periods shown. Cells were stained for sNS by using a
sNS-specific polyclonal antiserum directly conjugated to Alexa Fluor 546 and for m2 by using a m2-specific polyclonal antiserum directly conjugated
to Alexa Fluor 488. Images were obtained by using a confocal microscope. The sNS protein is colored green, and the m2 protein is colored red.
A DIC image of each field was obtained. In the merged image, colocalization of sNS and m2 is indicated by the yellow color. Images were processed
using Adobe Photoshop. Bars, 25 mm.
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FIG. 9—Continued.
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tsH11.2 than in those infected with tsE320, as judged by con-
focal immunofluorescence microscopy. This effect was not con-
fined to sNS, since cells infected with tsE320 also produced
less m1/m1C and m2 than cells infected with either T3D or
tsH11.2. It is possible that the effects of sNS on viral protein
synthesis are due to direct interactions of sNS with the trans-
lational machinery, as has been reported for rotavirus non-
structural protein NSP3 (27), or occur as a consequence of the
function of sNS in formation of viral assembly complexes.

To determine more precisely the roles of sNS and m2 in viral
inclusion formation, we examined the subcellular localization
of both proteins in reovirus-infected cells by confocal immu-
nofluorescence microscopy at different time points postinfec-
tion. We found that sNS localizes to punctate structures in the
cytoplasm prior to m2. By 14 h postinfection, both sNS and m2
are found in discrete, punctate structures, which then decrease
in number, increase in size, and coalesce at perinuclear sites.
At all time points examined, the smallest of the sNS-contain-
ing complexes do not include m2. The m1/m1C protein is also
undetectable in the smallest sNS-containing structures (data
not shown), which suggests that sNS is found at sites of viral
assembly prior to either m2 or m1/m1C. Larger structures stain
positively for both sNS and m2; however, at late time points of
infection, sNS appears to be excluded from the center of the
larger inclusions while m2 is present throughout these struc-
tures. It is likely that the central region of enlarging inclusions
contains progeny virions and a full complement of viral struc-
tural proteins, including m2. It is possible that an intermediate
zone of the inclusions, which contains both sNS and m2, rep-
resents the location of ongoing viral assembly and that the
outermost rim of the inclusions, in which sNS but not m2
resides, represents the site at which sNS is actively recruiting
other viral proteins. This model of reovirus assembly suggests
that as viral inclusions mature, sNS moves to the periphery as
it facilitates recruitment of viral structural proteins to be used
in assembly of additional progeny virions. Since it has been
determined by electron microscopy that ribosomes are present
at the periphery of viral inclusions (47), it is also possible that
viral proteins in the inclusion structure originate from en-
hanced local protein synthesis, which might be influenced by
sNS. As an alternative explanation for our findings, it is pos-
sible that once outer-capsid proteins are added to maturing
virions, the protein components of the viral core, including m2,
are inaccessible to antibodies for immunofluorescence stain-
ing. Thus, the outer zone of the inclusion structures in which
sNS is present and m2 is absent might represent the presence
of mature virions surrounded by nonstructural protein sNS.
However, since the majority of mature double-shelled parti-
cles, as observed by electron microscopy, are in the center of
the inclusion structure, and the interior of the inclusion stains
positively for m2 by confocal immunofluorescence microscopy,
we think that this possibility is unlikely.

Results presented in this report indicate that sNS facilitates
an important early step in reovirus replication that is coinci-
dent with its proper subcellular localization. It is probable that
sNS interacts with other viral proteins, such as mNS and s3,
and perhaps with cellular proteins, such as cytoskeletal or
translational components, to nucleate sites of viral replication.
Our findings suggest that once these sites have been estab-
lished, proteins required for RNA synthesis, such as m2, are

recruited to commence dsRNA synthesis. At this time in viral
replication, other structural proteins would also localize to
these sites to complete virion assembly, resulting in an inclu-
sion replete with progeny virions. Our ongoing work will focus
on mechanisms by which sNS initiates sites of viral assembly
and reorganizes the intracellular environment to facilitate re-
ovirus replication.
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